To measure CheY-motor interactions we used an evanescent wave microscope [6] . First, we constructed a functional GFP-CheY fusion. In swarm assays on semi-solid agar, this complemented the Escherichia coli cheY deletion mutant KO641 [7] at levels comparable to the wild-type CheY protein when both were expressed under araBAD control [8] . Second, we used the membrane-permeable weak-acid chemorepellent acetate to induce dual covalent modification of GFP-CheY. Acetate effects CheY phosphorylation and acetylation by enzymatic reaction [5] , unlike most chemotactic stimuli that bind to a MCP and modulate CheY phosphorylation activity of the MCP-associated CheA kinase [1] . We could thus measure modification-dependent association of GFP-CheY with flagellar motor components in E. coli lacking MCPs. Finally, we overproduced Salmonella typhimurium rotor complexes so that up to 200 complexes were assembled in the cytoplasmic membranes of host E. coli [9] , a level 30-fold greater than that present in motile S. typhimurium/E. coli. Rotors with intact or partial C-rings respectively were assembled upon co-expression of the integral membrane protein FliF with FliG, FliM and FliN, or FliG alone (Figure 1a ). Bacteria were attached to the coverslide surface and GFP fluorescence was excited by the evanescence wave created by total internal reflection of an argon-ion laser beam. The intensity, I ex , of the excitation evanescent wave varies exponentially with distance, z, from the coverslide surface;
Results and discussion
To measure CheY-motor interactions we used an evanescent wave microscope [6] . First, we constructed a functional GFP-CheY fusion. In swarm assays on semi-solid agar, this complemented the Escherichia coli cheY deletion mutant KO641 [7] at levels comparable to the wild-type CheY protein when both were expressed under araBAD control [8] . Second, we used the membrane-permeable weak-acid chemorepellent acetate to induce dual covalent modification of GFP-CheY. Acetate effects CheY phosphorylation and acetylation by enzymatic reaction [5] , unlike most chemotactic stimuli that bind to a MCP and modulate CheY phosphorylation activity of the MCP-associated CheA kinase [1] . We could thus measure modification-dependent association of GFP-CheY with flagellar motor components in E. coli lacking MCPs. Finally, we overproduced Salmonella typhimurium rotor complexes so that up to 200 complexes were assembled in the cytoplasmic membranes of host E. coli [9] , a level 30-fold greater than that present in motile S. typhimurium/E. coli. Rotors with intact or partial C-rings respectively were assembled upon co-expression of the integral membrane protein FliF with FliG, FliM and FliN, or FliG alone ( Figure 1a ). Bacteria were attached to the coverslide surface and GFP fluorescence was excited by the evanescence wave created by total internal reflection of an argon-ion laser beam. The intensity, I ex , of the excitation evanescent wave varies exponentially with distance, z, from the coverslide surface; I ex = I ex(z=0) exp(-z/d) [10] , where d depends on wavelength, incidence angle and refractive index difference (Figure 1b) . Thus, we could monitor local GFP-CheY concentration near the cell wall attached to the coverslide without exciting the bulk of the cytoplasmic GFP-CheY, thereby greatly reducing the background signal.
Evanescent wave microscope images of RBB1050 E. coli [7] expressing GFP-CheY in acetate buffer revealed punctate spots (Figure 2a,b) . The size of these spots was diffraction limited, as determined by comparison of the images with those of single, surface-adsorbed GFP molecules fused with a monomeric mutant kinesin (data not shown). The number of spots per cell image was consistent with the number of flagella per cell (6.6 ± 1.4 [11] ) (Figure 2a ), given that half of each cell was imaged (Figure 1b) . The punctate distribution was not observed when GFP-CheY was expressed in an isogenic, non-flagellate strain (RP3098 [12] ) lacking all flagellar and chemotaxis proteins (Figure 2c ) or in the C41 strain [13] used for protein expression. We infer that the spots represent GFP-CheY molecules associated with motors. To estimate the number of GFP-CheY molecules bound per C-ring, the RBB1050 cell background was subtracted from the spot intensities, which were then compared with the mean single-molecule GFP intensity, after correction for camera sensitivity and integration times (Figure 2 legend) . Accuracy of the comparison was limited by uncertainty in z. Given that the cell wall flattens upon attachment by the antibodies to the coverslide, z could be as small as 35 nm for C-rings ( Figure 1 ). This yields an estimate of 22 GFP-CheY molecules per motor, with ±20% sampling error. In the absence of deformation, z will be greater as a result of cell curvature. For an ideal cylinder, it will bẽ 100 nm for C-rings at a horizontal distance half a cell radius away from the cell center. The estimated GFP-CheY per motor will increase correspondingly to 37. The actual value will lie somewhere between these two extremes.
When tethered by a single flagellum to a glass coverslip, RBB1050 E. coli expressing GFP-CheY under lac control (pKLR5) rotated exclusively clockwise in 30 mM acetate, but predominantly counterclockwise in its absence, as seen previously in other strains lacking chemotaxis proteins [14] . The change was rapid (a few seconds) upon addition of acetate in a flow-cell. In the absence of acetate, no GFP-CheY spots were generally detectable in RBB1050 cells. We therefore used cells overproducing rotor complexes, which also enabled evaluation of the role of motor components and other basal body proteins.
Rotor proteins and GFP-CheY were expressed from two compatible plasmids. Bacterial cultures were harvested, divided into two and resuspended in assay buffer with or without acetate. The evanescent wave fluorescence from cells in the presence of acetate was 1.94 ± 0.05 times more intense than from control cells without acetate ( Figure 3 ). This increase indicated the association of GFP-CheY with membrane-bound C-rings. The roughly twofold increase was similar to the ratio of the intensity of the punctate spots relative to background in RBB1050 cells. Acetate had no effect when the experiment was repeated with cultures expressing GFP-CheY alone. Furthermore, the population-averaged evanescent wave fluorescence from cells expressing GFP-CheY alone was similar to that from cells expressing GFP-CheY with rotor complexes in the absence of acetate. Therefore, given the culture-to-culture variation, the binding of unmodified GFP-CheY to rotors could not be resolved.
In the overproduction system, the number of GFP-CheY molecules bound per rotor may be estimated if intracellular GFP-CheY concentration is known. Intracellular GFP-CheY in these experiments, determined from triplicate immunoblot measurements using CheY protein standards and affinity-purified antibodies, was 25,000 ± 5000 copies per cell. C-rings localize in a layer of cytoplasm 20 nm deep adjacent to the cytoplasmic membrane. In the absence of binding to C-rings, the number of GFP-CheY molecules in this layer excited by the evanescent wave will be (25,000 × 20a)/V c , where V c is cell volume and a the area of the membrane proximal to the coverslide. The corresponding number of rotors will be 200a/A c , where A c is cell area. Therefore, the unbound GFP-CheY per rotor ratio, R free , is 2500/(V c /A c ) = 2500/{(πr 2 l + (4/3)πr 3 )/(2πrl + 4πr 2 )} = 9.3 for an average E. coli cell approximated as a cylinder of length l = 2 µm and radius r = 0.5 µm, with hemispherical end-caps. The fluorescence intensity per [7] has functional flagella but cannot form MCP receptor complexes or adapt to acetate-induced GFP-CheY modification. In native basal bodies, as in RBB1050, FliG (G, brown) and FliM (M, red) are present in approximately equimolar ratio and copy numbers sufficient to form a single circumferential array of diameter 45 nm, the size of the C-ring. FliG is adjacent to FliF (F) whereas assembly of FliM and FliN (N, red) into the C-ring is coupled [2] . Ellipses denote transmembrane stator MotA-MotB complexes whose interactions with FliG generate torque [19] . Basal bodies also contain proteins required for flagellar protein export (rectangle) and of unknown function (circles) (see [9] ). C41 is a non-flagellate BL21(λDE3) derivative used for protein over-expression [13] . pKLR4 expresses S. typhimurium FliF, FliG, FliM and FliN. It was constructed from pKLR3 [9] by moving the genes from the multiple cloning site of pKLR3 to pET23. pKOT107 expresses S. typhimurium FliF and FliG [17] . (b) Bacteria expressing GFP-CheY were attached to the coverslide by antibodies against E. coli outer membranes. Mut1-gfp [20] was fused to E. coli cheY by a proline-rich polylinker by PCR and moved into pSU19 [9] and pBAD33 [8] , giving pKLR5 and pKFK2, respectively. Control bacteria lacking GFP-CheY could not be visualized. C-rings protrude 17 nm into the cytoplasm [15] and, upon overproduction, packed cytoplasmic membranes with a mean separation of 150 nm. z = 35 ± 8 nm for C-ring CheY-binding sites, given a 22 nm thick cell wall [21] and a 5 nm antibody layer. F lens , is estimated [22] as ~400 nm for the objective (100×, 1.4 numerical aperture) used. d = 96 nm for 488 nm wavelength, 78° incidence and refractive indices 1.47 and 1.38 for fused silica and E. coli cytoplasm [23] , respectively. Refractive indices of prism, glycerol and coverslide were matched. I ex is 0.7 and 0.015 times I ex at the coverslide-sample interface (z = 0) for z = 35 and 400 nm, respectively. rotor FliM subunits will result in a 28% decrease in free GFP-CheY, increasing R bound by the same fraction. R free and, thus, R bound are independent of the extent of the cell imaged by the evanescent wave. R bound is also insensitive to z because it is obtained by measurement of a relative intensity increase, normalized for sample geometry. It is, however, sensitive to the location of the C-ring CheYbinding sites relative to the membrane and to the cytoplasmic refractive index. Uncertainty in these parameters converts to a 20% error in the fractional decrease in I ex during penetration through the 20 nm cytoplasmic layer. Given similar errors for the immunoblot determinations of cellular GFP-CheY and rotor proteins, the cumulative error in the estimate of R bound is 40%.
The number of GFP-CheY molecules bound per rotor, as estimated by two independent methods subject to different assumptions and errors, was 22-37 for native basal bodies and 57 ± 23 for overproduced rotors. These estimates are similar to those for the numbers of C-ring subunits (34 ± 1 [15] ) and FliM copies per flagellum (33.7 ± 5.5 [2] ). Therefore, the increase in GFP-CheY occupancy of the rotors, upon covalent modification by acetate at concentrations known to cause complete clockwise rotation, is comparable to the number of rotor subunits. It follows that occupancy in the absence of modification is small, if any.
We next investigated whether FliM was required for association of GFP-CheY with rotors. Bidirectional rotation is restored in clockwise or counterclockwise locked CheY mutants by mutations in FliG as well as in FliM, suggesting potential interaction with both subunits; but the screens used for phenotype identification did not test for chemotaxis [4] . In vitro, CheY binds to purified FliM but not to FliG [3] . Both proteins were, however, solubilized from inclusion bodies by urea and refolded by dialysis. Thus, the conclusion that FliG does not bind CheY has the caveat that the denatured/renatured FliG may not have folded into its native conformation. Also, CheY-FliG interaction may be weak in vitro, but significant in the cytoplasm as a result of macromolecular crowding [16] .
We formed partial rotor complexes in the membrane by expressing FliF and FliG alone [9] and showed by immunoelectron microscopy that these complexes contained both proteins, consistent with reports that FliG binds stoichiometrically to FliF in vitro [17] . When acetate was added to cells overproducing partial rotors, no difference in GFP-CheY distribution was observed by evanescent wave microscopy ( Figure 3 ). Thus FliG, even when part of rotor complexes in situ, cannot bind CheY in the absence of FliM and FliN.
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Figure 2
Evanescent wave excited fluorescence images of GFP-CheY in E. coli. (a) Lowmagnification image of immobilized RBB1050/pKLR5 in acetate assay buffer (30 mM sodium acetate/20 mM potassium phosphate pH 7.0, 50 mM sodium chloride, 10 mM lithium lactate, 100 µM EDTA), showing GFP-CheY spot clusters (arrow indicates an example). There are 2.9 ± 1.5 spots per cell image. Scale bar represents 2 µm. Single cell images of (b) RBB1050/pKLR5 and (c) RP3098/pKLR5. Scale bars represent 1 µm. The images were acquired using a digital CCD camera (SensiCam II, Cooke Corporation) with a 1280 × 1280 pixel array. Acquisition times were typically 2-5 s. The cell images were compared with four-frame averaged video images of surface-adsorbed (z = 0) GFP-Kin339 molecules [20] , acquired on the same microscope using a Stanford Photonics ICCD/Hamamatsu Argus 20 image processor as previously described [6] . A moveable mirror directed the emitted fluorescence onto one or the other camera. The videotaped images were digitized using a frame grabber card (I/O-702; InSync Technologies). The excitation laser beam was adjusted to be in the range where its modulation by neutral density filters resulted in a proportionate change in image intensity.
Images of the same field of RP3098 cells taken by both cameras were used to compare pixel magnification and intensities. The diffraction-limited spot intensities were measured by point integration over a square pixel array equal to the spot size (SigmaScan Image Morphometric Analysis Software). Gray levels of the images shown have been stretched to enhance contrast.
In summary, we have found that GFP-CheY bound to rotors in numbers consistent with formation of a stoichiometric complex with C-ring subunits, that binding was controlled by covalent modification, that GFP-CheY bound intact rotor complexes as well as native basal bodies, ruling out a requirement for other flagellar basal body proteins or rotor-stator interactions, and that FliFFliG complexes did not bind GFP-CheY, consistent with FliM being the binding site for CheY. Our assay provides a real-time method for in vivo quantification of weak interactions of cytoplasmic proteins with membrane assemblies that are difficult to study in isolated preparations using biochemical or electron microscopy methods. This approach using evanescent wave microscopy should be a generally valuable tool for mapping intracellular signaling chemistry onto cellular response [18] . 
